Obstructive sleep apnea (OSA) syndrome has been recognized as a highly prevalent public health problem and is associated with major neurobehavioral morbidity. Chronic intermittent hypoxia (CIH), a major pathological component of OSA, increases oxidative damage to the brain cortex and decreases neurocognitive function in rodent models resembling human OSA. We employed in vitro and in vivo approaches to identify the specific phases and subcellular compartments in which enhanced reactive oxygen species (ROS) are generated during CIH. In addition, we utilized the cell culture and animal models to analyze the consequences of enhanced production of ROS on cortical neuronal cell damage and neurocognitive dysfunction. In a primary cortical neuron culture system, we demonstrated that the transition phase from hypoxia to normoxia (NOX) during CIH generates more ROS than the transition phase from NOX to hypoxia or hypoxia alone, all of which generate more ROS than NOX. Using selective inhibitors of the major pathways underlying ROS generation in the cell membrane, cytosol, and mitochondria, we showed that the mitochondria are the predominant source of enhanced ROS generation during CIH in mouse cortical neuronal cells. Furthermore, in both cell culture and transgenic mice, we demonstrated that overexpression of MnSODdecreased CIH-mediated cortical neuronal apoptosis, and reduced spatial learning deficits measured with the Morris water maze assay. Together, the data from the in vitro and in vivo experiments indicate that CIH-mediated mitochondrial oxidative stress may play a major role in the neuronal cell loss and neurocognitive dysfunction in OSA. Thus, therapeutic strategies aiming at reducing ROS generation from mitochondria may improve the neurobehavioral morbidity in OSA.
Introduction
Obstructive sleep apnea (OSA) syndrome, characterized by episodic cessation of airflow during sleep, has been recognized as a highly prevalent public health problem affecting 2% of women and 4% of men in the general US population. Chronic intermittent hypoxia (CIH) is a major pathological element of OSA that Consequently decreases neurocognitive function and increases cardiovascular morbidity in patients with OSA (Young et al., 2002a,b; Naegele et al., 1995) . More recently, brain structural abnormalities have been detected in OSA patients using functional MRI approaches (Macey et al., 2002 (Macey et al., , 2006 . The significant brain gray matter loss found in OSA patients is apparently associated with alterations in neural circuitry and neurocognitive function (Macey and Harper, 2005; Woo et al., 2005) . Similarly, animal models mimicking the intermittent hypoxic episodes of OSA elicit hippocampal and cortical neuronal cell damage, and consequently result in deficits in spatial task learning and working memory (Xu et al., 2004; Gozal et al., 2001 Gozal et al., , 2003 . However, the cellular and molecular processes underlying the neuronal cell loss and consequent neurocognitive dysfunction remain incompletely delineated.
Reactive oxygen species (ROS) including superoxide, hydroxyl radicals, hydrogen peroxide, and peroxynitrite are the oxygencontaining molecules that are highly reactive with proteins, lipids and nucleic acids. They have been identified as perpetrators of cell death, tissue damage and functional alterations in human neurodegenerative diseases. Evidence has accumulated in recent years to suggest that increased oxidative stress is associated with neurocognitive and cardiovascular dysfunction in human OSA (Lavie et al., 2004; El Solh et al., 2006; Grebe et al., 2006; Carpagnano et al., 2003) . The oscillations in oxygen concentration during CIH are reminiscent of the process of ischemia (hypoxia)/ re-oxygenation, and may contribute to the increased production of ROS (Prabhakar et al., 2006; Prabhakar and Kumar, 2004; Lavie, 2003 Lavie, , 2005 . In support of this assumption, we have previously shown in rats that systemic administration of an electron spin 
